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Background: The guinea pig pancreatic lipase-related protein 2 (GPLRP2)
differs from classical pancreatic lipases in that it displays both lipase and
phospholipase A1 activities; classical pancreatic lipases have no phospholipase
activity. The sequence of GPLRP2 is 63 % identical to that of human pancreatic
lipase (HPL), but the so-called lid domain, is much reduced in GPLRP2. A
phospholipase A1 from hornet venom (DolmI PLA1) is very similar to HPL and
GPLRP2 but is devoid of lipase activity; DolmI PLA1 also contains a reduced lid
domain and lacks a region termed the b9 loop, which is located in the vicinity of
the HPL and GPLRP2 active sites. The structure determination of a chimera of
GPLRP2 and HPL and domain building of DolmI PLA1 were undertaken to gain
a better understanding of the structural parameters responsible for the
differences in lipase versus phospholipase activity among these structurally
related enzymes.
Results: The crystal structure of a chimeric mutant of GPLRP2, consisting of
the catalytic domain of GPLRP2 and the C-terminal domain of HPL, has been
solved and refined to 2.1 Å resolution. This enzyme belongs to the a/b hydrolase
fold family and shows high structural homology with classical pancreatic lipases.
The active site is closely related to those of serine esterases, except for an
unusual geometry of the catalytic triad. Due to the reduced size of the lid domain,
the catalytic serine is fully accessible to solvent. Part of the b9 loop, which
stabilizes the lid domain in the closed conformation of the classical HPL, is totally
exposed to the solvent and is not visible in the electron-density map.
Conclusions: The structures of the related enzymes, GPLRP2 and HPL and the
model of DolmI PLA1, provide insights into the role played by the loops located
above the active site in controlling substrate selectivity towards triglycerides or
phospholipids. In GPLRP2, the lid domain is reduced in size compared to HPL,
and hydrophilic residues are exposed to solvent. GPLRP2 is thus able to
accommodate the polar head of phospholipids. The b9 loop is still present in
GPLRP2, making it possible for this enzyme to still accommodate triglycerides. In
DolmI PLA1, the b9 loop is absent, and this enzyme is unable to process
triglycerides retaining only the phospholipase A1 activity.
Introduction
Classical pancreatic lipases have been characterized in
depth at both the functional and the structural level. Physi-
ologically, they are key enzymes for dietary lipid absorp-
tion and catalyse ester bond hydrolysis of long chain
triglycerides; phospholipid degradation requires the pres-
ence of the pancreatic phospholipase A2 [1]. Pancreatic
lipases exhibit a high activity at the surface of emulsified
triglyceride droplets [2] and are dependant on colipase
cofactor in the presence of micellar concentrations of bile
salts [3,4]. The human pancreatic lipase, HPL, was the first
mammalian lipolytic enzyme to be solved structurally [5],
followed later on by structures of the HPL porcine colipase
complex, both in the absence and presence of mixed
micelles [6,7], and the structure of horse pancreatic lipase
[8] (HoPL). Winkler et al. [5] demonstrated the presence of
a surface loop called the ‘lid domain’ (residues 237–261).
This domain covers the active site in the closed form of the
enzyme and is stabilized via van der Waals contacts formed
between itself and two others loops called b5 (residues
75–84) and b9 (residues 206–216), according to the HPL
numbering system [5]. These three structural elements
were hypothesized to undergo a spatial reorganization in
order to facilitate the entrance of the substrate in the active
site. In fact, only the lid domain and the b5 surface loop
were shown to adopt a totally different conformation in the
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presence of lipids, while the b9 loop remained unchanged
[7]. The b5 loop folds back on the core of the protein and
the lid domain moves away from its closed position with a
maximum displacement of 29Å, interacting with colipase
and forming the lipid–water interface-binding site. This
‘open’ conformation has been shown to give free access to
the catalytic triad. Further structural characterization of
HPL, with a C11 alkyl phosphonate inhibitor bound in the
active site [9], made it possible to assign the residues
involved in the stabilization of the inhibitor alkyl chain on
either the open lid or the b9 loop. This study also con-
firmed the location of two acyl-binding sites first identified
by van Tilbeurgh et al. [7].
The pancreatic lipase family has subsequently been divided
in to three subgroups based on primary structure compar-
isons and according to the nomenclature of Giller et al. [10]:
classical pancreatic lipases; pancreatic lipase related proteins
1 (PL-RP1) and pancreatic lipase related proteins 2 (PL-
RP2). Hjorth and coworkers [11] sequenced and expressed
a cDNA encoding for a guinea pig pancreatic lipase, belong-
ing to the RP2 pancreatic subfamily (GPLRP2). Although
the amino acid sequence of GPLRP2 is highly homologous
to that of other known pancreatic lipases, this enzyme pos-
sesses a large deletion of 18 residues in the lid domain. In
addition, this enzyme has been shown to differ kinetically
from the classical mammalian pancreatic lipases through the
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Figure 1
Sequence comparison of HPL, GPLRP2 and DolmI PLA1. Identical
amino acids in the three sequences are indicated in bold characters.
The b5, b6 and b9 loops, the lid domain and the catalytic residues are
indicated by boxes. The junction of the GPLRP2 N-terminal domain
with the C-terminal domain of HPL which forms the GPLRP2/HPL
chimera is indicated by a triangle. The amino acid residues are
numbered according to the HPL structure [5].
following: no interfacial activation; no effect of colipase;
unusually high phospholipase A1 activity associated with a
classical lipase activity [11–13]; and activity on galactolipids
[14]. Owing to the fact that guinea pig produces a classical
pancreatic lipase [15] and has no measurable pancreatic
phospholipase A2 activity [16], it was suggested that, under
physiological conditions, GPLRP2 acts as a phospholipase.
From sequence comparisons, it appears that several struc-
tural elements, conserved in all classical pancreatic lipases,
are poorly conserved within the PL-RP2 subfamily [17].
The major mutations are found in GPLRP2 which was con-
sidered to be the best example of divergent evolution of
pancreatic lipases towards phospholipase activity. Other
stages in the molecular evolution of the pancreatic lipase
gene family are represented by lipoprotein lipase and
hepatic lipase [18], and also the phospholipase A1s (PLA1s)
from vespid venoms. These later enzymes are about 40%
homologous to pancreatic lipases [19,20] and their primary
structure reveals large deletions, mainly within the lid and
the entire C-terminal domains (Fig. 1). Before they were
sequenced, these major allergens from vespid venoms were
already known to display the highest catalytic activity
among all phospholipases [21,22]. They catalyze the hydrol-
ysis of the sn-1 acyl group of phospholipids (PLA1) and
their direct action on membrane phospholipids leads to an
extremely high hemolytic activity. On the contrary, their
lipase activity is drastically reduced as illustrated in the case
of the PLA1 from the white-faced hornet Dolichovespula
maculata (DolmI PLA1) [19] (Table 1). (The sn nomencla-
ture has been defined by IUPAC for the stereochemical
numbering of carbon atoms within the glycerol core of glyc-
erolipids. In a phospholipid molecule, the phosphorous
atom is covalently bound to the sn-3 carbon atom whereas
two acyl chains are bound to the sn-1 and sn-2 carbon atoms.
A phospholipase A1 (PLA1) will cleave the acyl chain at
position sn-1, whereas a PLA2 will prefer the sn-2 position.)
On the basis of this information, a structure/function analy-
sis seemed to be appropriate for increasing the under-
standing of such closely related enzymes displaying such
different chemical specificity. We report here on the three-
dimensional structure of a GPLRP2 mutant. The mutant is
a chimera in which the C-terminal domain of GPLRP2 is
replaced with the C-terminal domain of HPL. The struc-
ture has been solved with molecular replacement tech-
niques and refined at 2.1Å resolution using molecular
dynamics. The structure was further used to model the
hornet PLA1. The possible roles of the mini-lid, the b5 and
the b9 loops related to lipase and phospholipase A1 activity
are discussed. This paper reports the first three-dimen-
sional structure of an enzyme displaying both lipase and
phospholipase activity.
Results and discussion
Crystallization 
To date, it has not been possible to obtain native or recom-
binant GPLRP2 crystals suitable for X-ray diffraction
(D Lawson, personal communication). The deletion of the
unique glycosylation site of GPLRP2, resulting from the
chimeric GPLRP2/HPL construct, probably played an
important role in obtaining good diffracting crystals.
Another favourable factor is believed to be the substitution
of the GPLRP2 C-terminal domain by that of HPL, which
is 50% identical based on primary structure comparison.
The GPLRP2/HPL chimera (GPLRP2/HPL in the rest of
the text) is the first lipolytic enzyme to crystallize under
basic conditions around pH 9–9.25. (HPL has been found
to crystallize at pH 5.5 [5], HoPL at pH 5.6 [23], and
HPL–lipid complexes at pH 6 [7,9]). It is worth mention-
ing that GPLRPP2/HPL crystallizes only in the presence
of LiCl; Li+ is essential and could not be replaced by
another monovalent ion.
Quality of the model
The structure was solved by the molecular replacement
method using the AMoRe software package [24]. Refine-
ment statistics are given in Table 2. The current model
consists of 425 of the 434 residues: residues belonging to
the b9 loop (207 to 214, based on HPL numbering [5])
and those belonging to a C-terminal loop (408 and 409)
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Table 1
Lipase and phospholipase A1 activities of HPL, GPLRP2, GPLRP2/HPL and DolmI.
Enzyme Lipase activity Phospholipase Phospholipase Activity on
on tributyrin activity on egg yolk to lipase activity digalactosyl
(U mg–1) lecithins (U mg–1) ratio diglycerides (U mg–1)
HPL 12 800* 0† 0 0.2‡
GPLRP2 1690* 570† 0.33 250‡
GPLRP2 / HPL 1550* 549† 0.35 nd
DolmI 33†† 280††–1100§ 8.5–33.3 nd
Lipase activity on tributyrin and phospholipase A1 activity on egg yolk
lecithins were assayed in bulk using the pHstat method. The lipolytic
activities are expressed in international units (U) per mg of enzyme.
One unit = 1 µmol of fatty acid released per minute. *The tributyrin
assay was performed under the optimal conditions for measuring HPL
activity, as described in the Materials and methods section. †Egg yolk
assay was performed according to De Haas et al. [45]; ††method from
Soldatova et al. [19]; §method from King et al. [21]; ‡method from
Andersson et al. [14]; nd = not determined.
are missing. These two loops are suspected to be disor-
dered in the crystal. One calcium ion and 245 water mol-
ecules are also present. The model has been refined upto
2.1 Å resolution to a crystallographic R factor of 18.8 %
(Rfree = 24.6 % [25]) (Table 2). The Ramachandran plot,
determined using Procheck [26], for the final model
shows virtually all the main-chain dihedral angles falling
within the allowed regions (87.1 % in most favourable
regions and 11.6 % in additional allowed regions). Two
residues fall outside these regions, Ser152 and Ser6. The
catalytic serine, Ser152, is found in an ε conformation [27]
(Φ = 62.8°, Ψ = –124.3°), a characteristic feature of the
lipolytic enzymes within the a/b hydrolase fold family
[28]. The second serine residue (Ser6) is also found in a
conformation closely related to ε and participates in a
turn classified as a b hairpin 2:2 of type I [29]. Three pro-
lines at positions 16, 211 and 298 are found to adopt cis
conformations.
Overall structure of GPLRP2/HPL
The GPLRP2/HPL structure belongs to the a/b hydro-
lase fold family [28] and consists of two main globular
domains (N-terminal and C-terminal) that closely resem-
ble those of the human enzyme [5] (Fig. 2). The core of
the N-terminal domain of the molecule consists of a
tightly packed b sheet surrounded by five helices; the C-
terminal domain, a b sandwich, is clearly the same as that
of HPL. Some small structural differences from HPL are
found at the junction of the two domains and in a C-termi-
nal loop (residues 408–410). The lid is found between the
two sides of the bridged cysteine residues 237–261, as in
the HPL model, and consists of only five residues. There-
fore, the active site is left accessible to the solvent. This
mini-lid domain is clearly visible in the electron-density
map. It makes no contact with the rest of the protein and
is pointing away from the active site, in the same direction
as that adopted by the lid in the open HPL structure
(Fig. 3). The b5 loop adopts exactly the same conforma-
tion as that found in the open HPL structure, even though
only one bifurcated salt bridge (E82: R37, K107) is con-
served as a stabilizing element [7,9] (Fig. 3). One impor-
tant feature of the GPLRP2/HPL structure, compared to
classical pancreatic lipases, is the absence of electron
density for part of the b9 loop. In the closed HPL confor-
mation (Fig. 3a), the b9 loop is stabilized by numerous van
der Waals interactions with the lid, involving residues
(Ile209, Val210, Leu213, Phe215) and (Leu242, Val246,
Ile248, Ile251, Trp252, Phe258, Ala260). In contrast, in
the open HPL conformation (Fig. 3b), the b9 loop is only
stabilized by hydrophobic contacts between the inhibitor
alkyl chains and two residues, Leu213 and Phe215 [7,9].
In the GPLRP2/HPL structure, where the lid is reduced,
this loop makes no contact with any part of the rest of the
protein core, as in the open HPL–inhibitor complex. In
contrast to the latter structure, no stabilizing inhibitor is
present in GPLRP2/HPL. As a consequence, the b9 loop
appears to become disordered and no electron density can
be observed. Pancreatic lipases contain a calcium-binding
site, in GPLRP2/HPL, this site is located away from the
catalytic triad, as found in HPL, with a comparable
network of hydrogen bonds. It has been found that the
structure of the C-terminal domain of GPLRP2/HPL
remains identical, within experimental error, to that of the
HPL C-terminal domain. Residues 408–409, belonging to
an external C-terminal loop, are not defined in the elec-
tron-density map. This highly hydrophobic region has pre-
viously been noticed to be flexible in HoPL [8].
Structure of the active site
The active site is located at the bottom of a solvent acces-
sible hydrophobic crevice. The catalytic triad (Ser152,
His263 and Asp176) with its nucleophile belonging to the
consensus sequence G-X-(nucleophile)-X-G, is found in a
significantly different conformation compared to those of
all other known lipases. The hydrogen-bond triad pattern
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Table 2
Summary of data collection and processing.
Diffraction data
Max. resolution (Å) 2.1 
Unique reflections 27 079 
% of I> 1sI 83.3 
Completeness (%) 92.6 
for data (2.15–2.1 Å) 88.9 
Redundancy 3.2 
R-sym* 9.9
Molecular replacement
Cross rotation and translation†
N-terminal
a,b,g 51.7 / 84.9 / 243.7
x,y,z 0.1082 / 0.0007 / 0.3567
C-terminal
a,b,g 68.3 / 47.3 / 203.3
x,y,z 0.1471 / 0.8344 / 0.0725
Correlation factor‡
N-terminal 37.1
N- and C- terminal 50.6
R factor (%)§
N-terminal 46.6
N- and C-terminal 41.5
Crystallographic refinement
Resolution range (Å) 6–2.1
Reflections used§ 23 574
R value# (%) 18.8
Rfree (%) 24.6 
Rms deviations from ideal values:
Bond lengths (Å) 0.013
Bond angles (°) 1.67 
*Rsym= Σ(Σ|I(h)i– <I(h)>|/Σ<I(h)); I(h)i is the observed intensity of the
i-th measurement of reflection h, and <I(h)> the mean intensity of
reflection h. †a,b,g are given in Eulerian angles and x, y, z in fractional
cell coordinates. ‡Defined as in the AMoRe suite [24]. §Cut-off used:
I>2sI. #R = Σ|Fo–Fc|/Σ[Fo]; Fo and Fc are observed and calculated
structure factor amplitudes, respectively.
is disrupted, as shown in Figure 4. The catalytic serine Og
and His263 Nε2 are 3.82Å apart, and a short hydrogen
bond is formed between Ser152 Og and Leu153 N
(2.63Å), one of the oxyanion hole components. It is worth
noticing that the oxygen atom of a water molecule, found
in non inhibited forms of the lipolytic enzyme cutinase and
of the Rhizomucor michei lipase [30–32], is located close to
the position occupied by the Og atom of Ser152. This
active-site water molecule is absent in HoPL and HPL.
Furthermore, the region of the (2|Fo|–|Fc|) electron-density
map around the catalytic triad shows that the catalytic histi-
dine is not properly defined in the density (Fig. 4), attest-
ing to a certain mobility. This mobility is confirmed by
unusually high B factor values for the catalytic atoms
(Nε2 = 46 Å2, Nd1 = 42.3 Å2). His263 is only stabilized by
one hydrogen bond, to Asp176 Od2, and is twisted 33°
from its comparable position in HPL. A low pKa of Ser152
(~9) may explain the observed structure of the catalytic
triad; both serine and histidine would be deprotonated at
the pH of crystallization, leading to a reorganization of the
hydrogen-bond pattern of the triad. According to the classi-
cal serine hydrolase mechanism, the GPLRP2 catalytic
triad, as found in the crystal structure, should not be in a
functional state. To check this hypothesis, we performed
kinetic experiments in the presence of 1 M LiCl, at pH 9.0
(CW-M et al., unpublished data). The high lipase activity
measured clearly indicates that both the high concentration
of LiCl and alkaline pH value, as used in the crystallization
buffer, do not inactivate the enzyme. This unusual cat-
alytic triad geometry, therefore, may exist in solution but
will be reorganized in the presence of substrate. Further
experiments will be required to check this hypothesis.
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Figure 2
Stereo drawings of (a) the Ca tracing of
GPLRP2/HPL X-ray structure and (b) the Ca
model of DolmI PLA1. The a helices,
b strands and turns are depicted in red, blue
and yellow, respectively. The active serine
residue (shown in CPK representation) is
totally accessible to the solvent.
Modeling of hornet phospholipases A1
A sequence comparison of DolmI PLA1 [19] with GPLRP2
and HPL is shown in Figure 1. Four striking deletions can
be observed in DolmI PLA1: the C-terminal domain
(residues 336–449) is completely missing, the N-terminal
part of the catalytic N-terminal domain (residues 1–24) is
absent, the lid domain is shortened to seven residues
(instead of five residues as in GPLRP2), part of the b9 
loop is deleted from residues 207 to 213. Interestingly, all
the vespid phospholipases A1 show similar deletions
[19–21] (Genebank accession number L43561). Among the
observed insertions in DolmI PLA1, one, within the b6
loop (106–113), appears relevant with respect to substrate
selectivity (Fig. 1). In the structures of pancreatic lipases,
the b6 loop borders the active site and faces the b9 loop.
Based on the GPLRP2/HPL structural information and
sequence homology, a model of DolmI PLA1 has been
constructed (Fig. 2). Superimposition of the two structures
shows the overall conservation of the catalytic domain,
including the catalytic triad, and highlights the deletions
previously mentioned (Fig. 1). From Figure 2, it can be
clearly observed that the N-terminal part (residues 1–24) of
GPLRP2/HPL, which are found in all pancreatic lipases,
can be considered as an independent domain. This domain
contains the atypical Ser6 previously mentioned. In the
vicinity of the active site, the shortening of the DolmI
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Figure 3
Superimposition of GPLRP2/HPL onto HPL in
its open and closed conformations.
(a) Drawing of GPLRP2/HPL (purple ball-and-
stick representation) superimposed onto HPL
in the closed conformation (yellow stick form)
in the area above the active site. The active
serine is depicted in red CPK representation,
covered by the HPL lid. The positions of the
b5 and b9 loops are indicated. (b) The same
representation as (a) with HPL in its open
conformation (yellow stick form) replacing
closed HPL. In this situation, the active site
serine is accessible to the solvent. In (a) and
(b) the conformation of the GPLRP2/HPL b9
loop has been chosen arbitrarily to be the
same as in HPL. This was in order to simplify
the representations, as no crystallographic
information is available for this region.
Figure 4
Stereo view of the final (2Fo–Fc) electron-
density map for residues of the catalytic triad:
Ser152, His263, Asp176. Electron density is
contoured at 1s. The distance (in ångströms)
between the serine nucleophilic oxygen and
the histidine N2 of the catalytic triad is shown
as dashed lines.
PLA1 b9 loop (Fig. 2) leads to an increase in active site
accessibility. Leu215, the only hydrophobic residue of this
short b9 loop, superimposes with Phe215 of both HPL and
GPLRP2, suggesting that this residue may be instrumental
in the acyl chain stabilization. In DolmI PLA1, the replace-
ment of Glu82 of the b5 loop by a threonine residue results
in the removal of a stabilizing salt bridge between the b5
loop and the core of the protein, as described in the open
form of HPL and GPLRP2/HPL. In DolmI PLA1, the b5
loop may thus adopt a different conformation.
The functional role of the b5 and b9 loops and the lid domain
The b5 loop, the b9 loop, and the lid domain are believed
to play an important role in catalysis. These loops border
the catalytic pocket and it has been shown, in the case of
HPL, that hydrophobic chains can interact with the b9
loop and the lid domain in its open conformation; the b5
loop is involved in the formation of the oxyanion hole [7,9].
In Table 3, residues forming the b5 and b9 loops, and the
lid of GPLRP2/HPL, HPL and DolmI PLA1 are aligned
based on the GPLRP2 amino acid sequence, which was
taken as a reference.
It is interesting to note that the first seven amino acids 
of the GPLRP2/HPL b5 loop are an alternate combination
of those from HPL and DolmI PLA1. A predominance of
semipolar residues both in GPLRP2/HPL (275Å2 of acces-
sible surface, Tables 3,4) and DolmI PLA1 (242Å2), is asso-
ciated with a reduction of the hydrophobic surface, when
compared to HPL. As a consequence, the hydrophilic/
lipophilic balance (HLB; defined as the ratio of the accessi-
ble surface of charged and semipolar residues to the acces-
sible surface of hydrophobic residues) is clearly increased
in GPLRP2/HPL (5.4), as compared to HPL (1.4), and is
even further increased in DolmI PLA1 (11.3). The high
HLB observed for DolmI PLA1 is due to this enzyme con-
taining the highest accessible surface of charged residues.
Assuming that the GPLRP2/HPL b9 loop can adopt the
same conformation as found in HPL, its HLB is compara-
ble to that of the HPL b9 loop (0.15 versus 0.26, Table 4).
Most of the hydrophobic residues are largely conserved in
both HPL and GPLRP2/HPL. In contrast, the DolmI
PLA1 b9 loop shows a clear hydrophilic pattern (HLB =4.9)
due to the deletion of seven residues, mostly hydrophobic.
The GPLRP2/HPL lid with five exposed residues is
mainly hydrophilic (HLB = 3.9) and differs from the large
hydrophobic lid of HPL (HLB = 0.8). Finally, it appears
that the content of serine and threonine residues in both
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Table 3
Water accessible surface (Å2) of the b5 and b9 loops and the
lid domain.
GPLRP2/HPL HPL open PLA1
b5 Gly76 (0) Gly (0) Gly (0) 
Phe77 (54) Phe (60) Phe (44) 
Thr78 (95) Ile (90) Thr (72) 
Asp79 (19) Asp (4) Ser (31) 
Ser80 (22) Lys (67) Ser (35) 
Gly81 (0) Gly (1) Ala (2) 
Glu82 (65) Glu (38) Thr (69) 
Asn83 (71) Glu (0) Glu (81)
Ser84 (87) Asn (112) Lys (198)
Trp85 (12) Trp (6) Asn (35)
b9 His203 (0) His (0) His (3) 
Thr204 (0) Thr (0) Thr (2) 
Asp205 (0) Asp (5) Ser (9) 
Ile206 (24) Gly (7) Ser (54)
Ser207 (6) Ala (10) –
Pro208 (69) Pro (61) –
Ile209 (40) Ile 39) –
Leu210 (144) Val (110) deletion 
Pro211 (124) Pro (108) –
Ser212 (73) Asn (119) –
Leu213 (85) Leu (101) –
Gly214 (0) Gly (0) Asn (154) 
Phe215 (41) Phe (71) Leu (45) 
Gly216 (0) Gly (0) Thr (0)
lid Cys237 (12) Cys (2) Cys (20) 
Lys238 (242) Lys (204) Arg (268) 
Thr239 (137) Lys (54) Tyr (178)
deletion aa 240–257 aa 240–241 
Gly258 (62) Phe (111) Gly (71) 
Ile259 (137) Ala (68) Glu (174) 
Ser260 (85) Ala (14) Thr (57) 
Cys261 (22) Cys (8) Cys (34)
Residues of the b5 and b9 loops and the lid domain aligned according
to the GPLRP2/HPL crystallographic structure. Water accessible
surfaces of residues (in Å2), indicated in parentheses, have been
determined from the GPLRP2/HPL and HPL structures and the DolmI
model. Numbers are shown in italics when no crystallographic
information was available, the structures being modeled on the base of
open HPL. Residues in bold characters are those strictly conserved
when compared to the GPLRP2 sequence.
Table 4
The sum of water accessible surfaces (Å2).*
b5 C = 84 C = 109 C = 279
S = 275 S = 113 S = 242
H = 66 H = 156 H = 46
HLB = 5.4 HLB = 1.4 HLB = 11.3 
b9 C = 0 C = 5 C = 3
S = 79 S = 126 S = 219
H = 527 H = 500 H = 45
HLB = 0.15 HLB = 0.26 HLB = 4.9
Lid C = 242 C = 464 C = 442
S = 297 S = 286 S = 182
H = 137 H = 925 H = 437
HLB = 3.9 HLB = 0.8 HLB = 1.4
*Residue classes are indicated by the letters C (charged: Arg, Asp,
Glu, His, Lys), S (semipolar: Gln, Gly, Asn, Cys, Ser, Thr), and H
(hydrophobic: Ala, Leu, Ile, Phe, Pro, Trp, Tyr, Val), respectively. The
hydrophilic/lipophilic balance (HLB) is defined as the ratio of the
accessible surface of charged and semipolar residues to the
accessible surface of hydrophobic residues.
GPLRP2/HPL and DolmI PLA1 is drastically increased in
the b5 loop and the b9 loop, when compared to HPL.
In HPL, the active site is located in a central crevice, 
surrounded by the b5 loop, b9 loop and the lid domain
(Fig. 5a). Due to the large deletion within the lid, GPLRP2/
HPL exhibits a larger catalytic crevice which is almost com-
pletely hydrophilic (Fig. 5b), explaining its ability to accom-
modate larger and charged substrates like galactolipids 
and phospholipids. The mini-lid and the b5 loop are more
hydrophilic in both GPLRP2/HPL (Fig. 5b) and DolmI
PLA1 (Tables 3,4), and this could be related to the phos-
pholipase activity.
It is clearly visible in HPL that the b9 loop and the lid,
both highly hydrophobic, are the major components for
the lipase adsorption to the lipidic matrix. In GPLRP2/
HPL, which presents both lipase and phospholipase activ-
ities, hydrophobic residues around the active site are only
conserved in the b9 loop (Fig. 5b). As a consequence, only
a reduced hydrophobic surface makes adsorption to the
lipidic matrix (triglycerides) possible for this enzyme. This
may explain its reduced activity towards triglycerides,
compared to HPL (Table 1). The b9 loop is therefore
believed to play the main interfacial recognition of triglyc-
eride particles in GPLRP2/HPL. This important role of
the b9 loop with respect to lipase activity is indirectly sup-
ported by the kinetic properties of DolmI PLA1. In
DolmI PLA1, both the lid domain and part of the b9 loop
are deleted (Fig. 1) and concomitently, the lipase activity
is almost suppressed (Table 1).
Catalytic investigations by van Tilbeurgh et al. [7] have
observed an electron density corresponding to a phospho-
lipid molecule within the active site of the HPL–colipase
complex, crystallized in the presence of mixed micelles
of bile salts and phosphatidylcholine. In their model, the
phospholipid sn-1 acyl chain was stabilized by the b9
loop while the sn-2 acyl chain was orientated along the
lid. The sn-3 phosphorylcholine polar head group was
found between the sn-1 and sn-2 acyl chains, in a central
position (Figs 6a,7a). This unfavorable conformation 
for a phospholipid was probably due to steric restriction
of the catalytic site by several amino acid side chains: 
in particular Arg256 and Trp252, belonging to the lid 
(Fig. 6a), and Phe215 and Ala260 which are in van der
Waals contacts and limit the active-site pocket on the
lateral side.
We have modeled a phospholipid lying in the catalytic
crevice of GPLRP2/HPL and DolmI PLA1. The models
are based on the two known open structures of HPL [7,9]
and the mechanistic postulate that the methoxy oxygen
of the substrate leaving group (lysophospholipid in the
case of phospholipid hydrolysis) must be able to receive 
a proton from Nε of the active site histidine in order to 
be hydrolyzed [33,34]. Interestingly, some residues sus-
pected in HPL to stabilize the acyl chain in the first tetra-
hedral intermediate, are totally conserved in GPLRP2/
HPL and DolmI PLA1: Phe 77, Leu153, Tyr114, Pro180
and Phe/Leu215 (Fig. 6). However, the steric restrictions
observed in HPL are absent in both the GPLRP2/HPL
structure (Fig. 6b) and in the DolmI PLA1 model (Fig.
6c); a phospholipid molecule can be easily accommo-
dated in a conformation similar to that observed in HPL
(Fig. 6a). Furthermore, the conformation in which the
sn-2 and sn-3 positions are exchanged is compatible with
the active-site conformation of GPLRP2/HPL (Fig. 7b),
due to an empty space made available by the shortening
of the lid.
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Figure 5
Molecular surface representation of (a) HPL
and (b) GPLRP2/HPL according to the
hydrophobic and polar residue composition.
The active-site pocket is presented at the
centre of the picture, hydrophobic surfaces
are shaded in white and polar surfaces in red.
As GPLRP2/HPL, but not HPL, displays a galactolipase
activity, we also modeled a molecule of digalactosyldiacyl-
glycerol in the active site of GPLRP2/HPL. One favorable
model is presented in Figure 7c, with the sn-3 chain fitting
perfectly into the groove generated by the lid shortening.
The digalactosyl group is stabilized by hydrophilic surface
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Figure 6
Representation of 1,2-didecanoyl-sn-3-
glycerophosphorylcholine in the active sites of
(a) HPL, (b) GPLRP2/HPL and (c) DolmI
PLA1.1,2-didecanoyl-sn-3-glycerophos-
phorylholine is shown in ball-and-stick
representation. The three enzymes are shown
in green stick form. Hydrophobic residues that
putatively stabilize the substrate are indicated;
the b5 loop, b9 loop and the lid domain are
labeled. For (b) and (c) the phospholipid has
been modeled according to the
crystallographic results of HPL cocrystallized
in the presence of phosphatidylcholine [7].
residues, most of them consisting of threonine and serine
residues. In contrast, a reliable model of a digalactosyldia-
cylglycerol molecule in the active site of HPL is difficult
to obtain whatever the positions of the sn-2 and sn-3
chains, due to steric clashes. From these observations, we
can suggest a model for the hydrolysis of glycerolipids by
pancreatic lipases. Firstly, the hydrolyzable acyl chain
(sn-1 or sn-3 in a triglyceride or sn-1 in a phospholipid) is
likely to be oriented along the b9 loop. Secondly, the sn-3
polar head group of phospholipids and galactolipids would
fit into the hydrophilic active-site groove; the sn-2 acyl
chain would be always found in the central position. In
such a position, the sn-2 acyl chain would remain in inter-
action with the lipidic matrix, and accordingly, would not
be hydrolyzable, as widely illustrated for all lipases. The
conformation of the phospholipid molecule, as modeled
by van Tilbeurgh et al. [7] from crystallographic data at 3 Å
resolution, does not conform with our model even though
the carboxylic ester is at the correct distance for a nucle-
ophilic attack by Ser152 Og. We suspect that the phos-
phatidylcholine-binding mode observed in HPL is not
productive because the central phosphoryl group could
dramatically alter the charge relay system of the catalytic
triad. In addition that a productive binding mode with the
phosphatidylcholine sn-2 acyl chain in the central position
is not possible because it would lead to unfavorable (steric
or electronic) interactions. This hypothesis might explain
why phosphatidylcholine is not a substrate for HPL.
Biological implications
Until recently, lipases and phospholipases were con-
sidered as two distinct classes of digestive enzyme, dif-
fering in many aspects including, the nature of their
substrate, size and fold of the protein, and the residues
implicated in catalysis. Recently, enzymes belonging to
the pancreatic lipase family, but able to hydrolyze phos-
pholipids, have been characterized [11]. Their activity
towards phospholipids differs from that of classical
digestive phospholipases A2 as they hydrolyze the ester
bond at the sn-1 position. Furthermore, a non-pancre-
atic enzyme, from hornet venom, was found to share
high sequence similarity with members of the pancre-
atic lipase family, and to display high phospholipase A1
activity [19,20]. 
Contrary to native guinea pig phospholipase-related
protein 2 (GPLRP2), a chimera made of the GPLRP2
N-terminal catalytic domain and the human phospholi-
pase (HPL) C-terminal domain, crystallized readily.
This chimeric enzyme exhibits the same activity as 
the native GPLRP2 enzyme, and can therefore serve
as a valuable model. The GPLRP2/HPL chimera has a
structure very close to that of HPL, with three excep-
tions: the ‘mini-lid’ region, the b9 loop which is partly
disordered, and the catalytic serine residue which is 
in a non-active conformation. Analysis of the hydro-
phobic/ hydrophilic balance of the loops around the
active site indicates striking differences between HPL,
GPLRP2 and the hornet phospholipase A1 (PLA1).
HPL has a highly hydrophobic active site, and is able
to bind only triglycerides in a productive mode. In con-
trast, the GPLRP2/HPL chimera possesses an active
site that can accommodate glycerides of variable size
and polarity, either triglycerides or phospholipids. The
hornet PLA1 active site has a more pronounced
hydrophilic character, and can accommodate only
phospholipids. We suggest that the substrate selectivity
within the three enzymes is related to the nature of the
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Figure 7
Substrate modeling in the active site of HPL
and GPLRP2/HPL. (a) Representation of the
1,2-didecanoyl-sn-3-glycerophosphorylcholine
(shown in stick form) in the active site of HPL
[7]. The sn-1 acyl chain is stabilized by the b9
loop, the sn-2 acyl chain runs along the lid,
while the sn-3 phosphorylcholine has a central
position in the catalytic crevice.
(b) Hypothetical model of the 1,2-didecanoyl-
sn-3-glycerophosphorylcholine (in stick form)
docked in the active site of GPLRP2/HPL.
The sn-2 and sn-3 chain positions of the
substrate have been exchanged and the sn-3
phosphorylcholine chain was orientated
differently when compared to the original
structure. (c) Hypothetical model of a
digalactosyldiacylglycerol (in stick form)
docked in the active site of GPLRP2/HPL.
The sn-3 digalactosyl chain fits nicely in the
hydrophilic active-site groove, while the sn-2
and sn-1 acyl chains are in a central position
and along the b9 loop, respectively. 
lid, the b9 loop, and the b5 loop. The b9 loop and the
full-length HPL lid are highly hydrophobic and proba-
bly determine the recognition of the triglyceride–water
interface. Enzymes deprived of one or both compo-
nents exhibit phospholipase A1 activity. It will be nec-
essary to solve more structures, including those with
bound inhibitors, in order to evaluate how our activity
model can be generalized.
Materials and methods
Construction of the GPLRP2/HPL chimera expression vector
A chimeric DNA construction was obtained by the polymerase chain
reaction (PCR) overlap extension method [35] using both HPL [36] and
GPLRP2 [11] cDNAs as templates. The DNA fragment from the PCR
was subcloned into the pVL1393 baculovirus transfer vector (Invitrogen)
which was used for co-transfection of Spodoptera frugiperda insect cells
with a modified viral DNA from Autographa californica nuclear polyhe-
drosis virus. The baculovirus resulting from the genetic recombination
was used as an expression vector to produce the recombinant chimera
in insect cells.
Expression and purification of GPLRP2/HPL
GPLRP2/HPL was expressed in High Five Tricoplusia ni cell suspen-
sions grown in Excell 405 serum-free medium (valbiotech). The chimera
was secreted into the culture medium with a maximum yield of
130 mg l–1. Following the procedure described by Thirstrup et al. [36]
for HPL, the cultures were harvested three days after infection by the
recombinant baculovirus in order to avoid any proteolytic degradation.
At day four post-infection, cell lysis occurs and intracellular proteases
are released into the medium and start to cleave the chimera (FC,
unpublished data). A pure recombinant protein was obtained after 
a one-step purification procedure by cationic exchange chromatogra-
phy on a MonoS HR S/S column (Pharmacia). N-terminal amino acid
sequence analysis revealed that the signal peptide was correctly
cleaved and that the chimera was produced in its mature form with the
first 20 amino acid residues identical to those of GPLRP2 [11]. The
detection of a single sequence ruled out any proteolytic degradation of
the protein. The molecular mass of the chimera, determined using elec-
trospray mass spectrometry (47 788 ± 10 Da), was very similar to the
theoretical molecular mass calculated from the polypeptide amino acid
sequence (47792 Da), indicating the absence of glycosylation or other
post-translational modifications. Samples of pure chimera in 10 mM
MES, 50 mM NaCl, pH 6.5 were concentrated to 12 mg ml–1 of protein
for crystallization experiments.
Kinetic characterization of GPLRP2/HPL
The kinetic properties of the chimera are summarized in Table 1. The
tributyrin assay was performed under the optimal conditions for mea-
suring HPL activity: 0.5 ml of tributyrin were emulsified into a reaction
vessel containing 14.5 ml of 0.28 mM Tris buffer, 1.4 mM CaCl2,
150 mM NaCl, 0.5 mM sodium taurodeoxycholate, pH 7.5. In the case
of HPL, the reaction buffer was supplemented with colipase at a molar
excess of two. GPLRP2 and the chimera display similar lipase and
phospholipase A1 activities, indicating that the C-terminal domain
exchange did not induce a structural modification of the catalytic N-ter-
minal domain. The replacement of the GPLRP2 C-terminal domain with
the HPL C-terminal domain only resulted in the restoration of the coli-
pase effect (FC, unpublished data), which is absent in GPLRP2 [13].
In contrast to HPL which selectively hydrolyzes triglycerides, both
GPLRP2 and the chimera are also able to hydrolyze all phospholipid
classes. GPLRP2 also hydrolyzes galactolipids such as mono- and di-
galactosyldiglycerides (Table 1), whereas HPL has no activity on these
substrates [14]. It seems that the lipolytic activity of GPLRP2 is little
affected by the size and the charge of the chemical moiety found at the
sn-3 position of the glycerol core.
Crystallization
Crystals of GPLRP2/HPL have been grown at 20°C using the vapour dif-
fusion technique with hanging drops [37]. Typically, 2ml of a 11 mgml–1
protein solution in 50 mM NaCl, 10 mM 2-(N morpholino) ethanesulfonic
acid (MES) pH 6.5 was mixed with 2 ml of a reservoir solution containing
100 mM N, N-bis(2-hydroxyethyl) glycine (BICINE) pH 9, 1 M LiCl and
10 to 15 % (w/v) polyethylene glycol 6000 (PEG 6K) (Fluka). Crystals
appeared in two to four days with a tendancy to form clusters of thin
plates together with cube like crystals of final dimensions 0.2× 0.2 ×
0.2 mm3. Due to the presence of twinned crystals, microseeding tech-
niques were used with a cat whisker plunged into a solution of crushed
crystals and passed through drops containing 8–10% (w/v) PEG 6K
[38]. The best monocrystals were obtained at pH 9.25 with 12% PEG
6K using the fine sampling pH method [39] and yielded one large crystal
(0.7×0.7×0.7mm3) per drop.
Data collection and processing
Crystals of GPLRP2/HPL were firstly characterized on an image plate
MAR research detector (18 cm diameter), mounted on a RIGAKU
RU200 rotating-anode source operating at 40kV, 80 mA with a CuKa
radiation. A preliminary data set showed the crystals to belong to space
group C2, with unit-cell dimensions a= 62.0 Å, b = 55.9 Å, c = 144.0 Å,
b = 93.2°, indicating the presence of one molecule in the asymmetric
unit (Vm= 2.65 Å3/Da; 53 % estimated solvent volume [40]). 1° frames
were collected at a crystal-to-detector distance of 130mm (r = 2.58 Å),
with an exposure time of 1000s frame–1. A second data set was col-
lected at 2.0 Å on a synchrotron beam line using monochromatic radia-
tion of 0.94 Å wavelength at a temperature of 4°C (DW32 LURE-DCI,
Orsay, France [41]) and a 30 cm image plate MAR research detector
(Hendricks and Lenfer, Mar research, Hamburg, Germany). Three crys-
tals were used during the data collection due to radiation damage. 1°
frames were collected at a crystal-to-detector distance of 310mm with
an exposure time of 120 s frame–1. A partial third data set has been col-
lected at 2.0 Å on the synchrotron beam line ID9 at ESRF Grenoble,
equipped with a CCD camera. At a distance of 130 mm the exposure
time could be reduced to 30 s frame–1 allowing collection of 60° of rec-
iprocal space before crystal destruction. All the data sets were reduced
and scaled together using the programs DENZO and SCALEPACK
[42]; statistics are summarized in Table 2.
Structure solution, refinement and modeling
The structure was solved by molecular replacement. The starting model
was composed of two fragments, the N termini (residues 1–335) and the
C termini (residues 336–449) of the open form of HPL [7]. The rotation
and the translation functions were performed with the program AMoRe
[24] using data between 10 and 3 Å resolution. The positioned model
(correlation =50.6%; R factor=41.5%) was refined with X-PLOR [25];
structural corrections were made from (2Fo–Fc) and (Fo–Fc) Fourier
maps. Several refinement cycles were performed, consisting of model
building using Turbo-Frodo (Roussel Inisan and Cambillau, AFMB and
Biographics, Marseille, France), simulated annealing following the slow-
cooling protocol, conjugate gradient minimization and individual B factor
refinement with X-PLOR (using the parameters of Engh and Huber [43]).
This procedure reduced the R factor to a final value of 18.8%
(Rfree =24.6%, for 10% of the reflections) for 23574 reflections in the
resolution range 6–2.1Å. The root mean square (rms) deviations from
ideality for bond lengths and bond angles are 0.013Å and 1.67°, respec-
tively. The numbering system used is that of the HPL enzyme [5], thus
starting at 1 and ending at 449. The loop 207–214 which is not defined
into density was set to an occupancy of zero. Over the 4121 protein
atoms, the average temperature values for the backbone and side chains
are 25.9Å2 and 29.5Å2, respectively, and 42.6Å2 for the solvent.
Procheck [26] has been used for the final examination of the model
geometry and showed two residues in disallowed regions.
DolmI modeling was performed using Turbo-Frodo by homology mod-
eling in a few steps: deleting, replacing and inserting residues accord-
ing to sequence alignment, followed by regularization on a display to
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avoid unfavorable contacts and conjugate gradient energy minimization
with X-PLOR.
The structural superimpositions were performed in Turbo-Frodo using
the rigid-body option and displayed on a silicon graphics workstation.
All the pictures have been made within Turbo-Frodo or GRASP [44].
Accession numbers
The atomic coordinates have been deposited in the Brookhaven Protein
Data Bank under the code 1GPL.
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